To determine the immunological role played by interleukin (IL)-12 family members in Trypanosoma congolense infection, IL-12p35 ؊/؊ , IL-12p40 ؊/؊ , and IL-12p35 ؊/؊ /p40 ؊/؊ mice were used. While the latter 2 strains lack all IL-12 homologues, IL-12p35 ؊/؊ mice still produce IL-12p80 homodimers and IL-23. Compared with wild-type mice, all infected IL-12-deficient mouse strains showed prolonged survival, whereas parasitemia levels were unaltered. Interferon (IFN)-␥ production in IL-12-deficient mice was strikingly reduced during the acute and chronic stages of infection, coinciding with significantly reduced chronic-stage hepatocellular damage, as demonstrated by histological analysis and plasma aspartate transaminase measurements. In contrast, IL-10 production was not affected by the absence of IL-12. Taken together, these results show that, during T. congolense infection, the absence of IL-12, but not the IL-12p80 homodimer or IL-23, leads to a reduction in IFN-␥ production, which reduces hepatic pathology and improves host survival in conjunction with IL-10 without negatively affecting parasitemia control.
To determine the immunological role played by interleukin (IL)-12 family members in Trypanosoma congolense infection, IL-12p35 ؊/؊ , IL-12p40 ؊/؊ , and IL-12p35 ؊/؊ /p40 ؊/؊ mice were used. While the latter 2 strains lack all IL-12 homologues, IL-12p35 ؊/؊ mice still produce IL-12p80 homodimers and IL-23. Compared with wild-type mice, all infected IL-12-deficient mouse strains showed prolonged survival, whereas parasitemia levels were unaltered. Interferon (IFN)-␥ production in IL-12-deficient mice was strikingly reduced during the acute and chronic stages of infection, coinciding with significantly reduced chronic-stage hepatocellular damage, as demonstrated by histological analysis and plasma aspartate transaminase measurements. In contrast, IL-10 production was not affected by the absence of IL-12. Taken together, these results show that, during T. congolense infection, the absence of IL-12, but not the IL-12p80 homodimer or IL-23, leads to a reduction in IFN-␥ production, which reduces hepatic pathology and improves host survival in conjunction with IL-10 without negatively affecting parasitemia control.
Trypanosomes are unicellular eukaryotic parasites that infect humans as well as a wide range of other mammals. Although human sleeping sickness is caused by the Trypanosoma brucei subspecies T. brucei rhodesiense and T. brucei gambiense, the disease in cattle, nagana, is caused mainly by Trypanosoma congolense. In contrast to T. brucei and Trypanosoma evansi [1] , T. congolense is strictly an intravascular blood parasite [2] . Several parasite defense mechanisms exist, of which the most significant is antigenic variation, enabling trypanosomes to continually evade the hosts' immune response [3] . In T. congolense infection, both antibody-and cellular-mediated immune responses are necessary for optimal host protection. Indeed, phagocytosis of opsonized trypanosomes by macrophages and Kupffer cells of the liver, mediated by both IgM and IgG antibodies, is considered the main parasite-clearing mechanism [4] . Subsequently, the release of inflammatory cytokines occurs to drive a rapid host antiparasite response.
Using a compendium of various gene-deficient mice, we previously illustrated the requirement for a Th1 response for effective control of the acute phase of T. congolense infection [5] . In that study, interferon (IFN)-␥ signaling was shown to be necessary for the upregulation of inducible nitric oxide synthase (iNOS) and tumor necrosis factor (TNF) production, both required for prolonged survival and parasitemia control [5] [6] [7] . On the other hand, interleukin (IL)-10 has been shown to be necessary to limit the proinflammatory IFN-␥ response [8] , which has been implicated in trypanosomiasisassociated liver pathology [9] .
The establishment of a Th1 immune response during T. congolense infection focuses attention on the role played by IL-12 [10, 11] . The IL-12 molecule is a heterodimeric protein comprising 2 subunits of 35 and 40 kDa [12] . IL-23, which shares the p40 subunit, is able to promote a T cell subset that is distinct from that of IL-12 [13] . Homodimers (IL-12p80) also form from the p40 subunits and may act antagonistically to the functioning of IL-12 and IL-23 [14, 15] ; conversely, agonist activity is also possible given the ability of homodimers (IL-12p80) to induce cell-mediated Th1 immune responses [15, 16] .
In the present study, the roles played by IL-12 and IL-23 together with IL-12p80 were examined using 3 IL-12 gene-deficient mouse strains-namely, IL-12p35 Ϫ/Ϫ , IL-12p40 Ϫ/Ϫ , and IL-12p35 Ϫ/Ϫ /p40 Ϫ/Ϫ mice-in T. congolense infection. IL-12 but not IL-12p80 or IL-23 was necessary for optimal IFN-␥ and iNOS production. In contrast to previously reported results obtained with T. brucei brucei-and T. evansi-infected IL-12-deficient mice [17] , these mice showed increased survival when infected with T. congolense, albeit parasitemia control itself was comparable to that in wild-type controls. On light of the data presented, we conclude that IL-12, most likely through the action of IFN-␥ production, contributes to the formation of chronic-stage pathological lesions in the livers of T. congolenseinfected mice, hence negatively affecting the hosts' survival time.
METHODS
Mice. IL-12p35 Ϫ/Ϫ [18] and IL-12p40 Ϫ/Ϫ mice [19] on a 129Sv/Ev background, backcrossed 5 times to C57BL/6 mice, were maintained under specific pathogen-free conditions. For the generation of homozygous double-deficient mice, IL-12p35 Ϫ/Ϫ and IL-12p40 Ϫ/Ϫ mice were intercrossed and genotyped by polymerase chain reaction [18, 19] . Experiments were performed in accordance with the guidelines of the Animal Research Ethics Board of the University of Cape Town (animal ethics approval no. 005/041).
Parasites. The clonal Tc13 antigen type of T. congolense was provided by Dr. H. Tabel (University of Saskatchewan) [20] . Trypanosome stabilates were maintained at Ϫ80°C and thawed for infection.
Infection and parasitemia. Each mouse was infected intraperitoneally with 1000 parasites from stabilate (100 L per mouse). Blood for parasite enumeration was obtained, diluted 1:200 in RPMI 1640 with 10% fetal calf serum (Highveld Biological), and counted under a light microscope (Nikon).
Cytokine ELISAs. Cytokines in plasma was measured by ELISA as described elsewhere [21] , with modifications. Blood plasma and cytokine standards were serially diluted 3-and 2-fold, respectively. Cytokine standards, coating and biotinylated antibodies, TNF, IFN-␥ (BD Pharmingen), and IL-10 (R&D Systems) were used. Streptavidin-labeled horseradish peroxidase (BD Pharmingen) and 3,3',5,5-tetramethylbenzidine (KPL) were used for detection and development, respectively. The detection limits were 16 pg/mL for IFN-␥ and TNF and 63 pg/mL for IL-10. Hepatocellular damage was determined by the aspartate transaminase (AST) assay (Sigma).
Anti-variant surface glycoprotein (VSG) plasma titers. Plasma IgG2a and IgG3 antibody responses specific for trypanosome-derived antigens were determined as described elsewhere [22] .
Histopathology. Organs were fixed in 4% buffered formalin and embedded in paraffin. Sections were stained with hematoxylin-eosin and assessed with light microscopy (Nikon). Images were captured using a DXM1200 camera and ACT software (version 2.20; Nikon).
Immunohistochemistry. Sections of frozen tissue were attached to coated slides and then air dried and fixed. Slides were treated with primary antibody against iNOS (gift from B.R.), The infectious dose was 1 ϫ 10 3 trypanosomes per mouse, and mice were monitored for survival and parasite burden in peripheral blood obtained from tail snips (10 individual mice per strain), with a lower detection limit of 4.0 ϫ 10 5 parasites/mL. A portion of the entire parasitemia profile is shown (days 2-17 and 55-106). Statistical tests comparing parasitemia levels in wild-type and IL-12-deficient mice (means Ϯ SEs) were performed at individual time points, using 1-way analysis of variance with the Dunnett posttest. (Kaplan-Meier method with log-rank test for mortality; ***P Ͻ .001).
after which secondary antibody coupled with fluorescein isothiocyanate (BMA Biomedicals) was added. Sections were mounted in Fluoromount (Dako) and assessed by immunofluorescence microscopy (Nikon).
Graph and statistical analysis. Data are expressed as the means and SEs of individual determinations. Statistical analysis was performed using the unpaired Student's t test for ELISAs; the Kaplan-Meier method with log-rank test was used for mortality data, which showed similar trends between experiments and were thus pooled. Parasitemia in wild-type and IL-12-deficient mouse strains was compared using 1-way analysis of variance (Dunnett posttest) at each time point measured. Parasitemia data showed similar trends between experiments and were thus pooled.
RESULTS
Prolonged survival of IL-12p35 ؊/؊ /p40 ؊/؊ , IL-12p40 ؊/؊ , and IL-12p35 ؊/؊ mice infected with T. congolense. In previous trypanosomiasis studies, survival of IL-12p35 Ϫ/Ϫ /p40 Ϫ/Ϫ , IL-12p40 Ϫ/Ϫ , and IL-12p35 Ϫ/Ϫ mice was found to be decreased compared with wild-type mice when infected with T. brucei brucei and T. evansi parasites [17] . Unexpectedly, mice deficient in either or both of the p35/p40 subunits showed strikingly in-creased survival time compared with wild-type controls (P Ͻ .001) ( figure 1A ). Although the pooled mean survival time of wild-type mice was 97 days, IL-12p40 -, IL-12p35/p40 -, and IL-12p35-deficient mice showed mean survival times of 163, 155, and 150 days, respectively. The slight difference in mean survival times between the 3 IL-12-deficient mouse strains was not significant, as determined from 2 pooled individual experiments consisting of 27-37 mice per strain.
Independence of parasitemia control from IL-12 in T. congolense infection. Despite the significant role played by IL-12 in host survival, no significant differences were found between the different strains of IL-12-deficient and wild-type mice during the first parasitemic peak, clearance, and subsequent waves of parasitemia ( figure 1B ). In addition, no significant differences in anemia were found between IL-12-deficient and wild-type mice (data not shown).
Necessity of IL-12 for optimal production of IFN-␥ during the first parasitemic peak in T. congolense infection. Both IFN-␥ and TNF are known to be necessary for the control of parasitemia and survival during T. congolense infection [5] [6] [7] ; thus, their plasma cytokine levels were determined during the first parasitemic peak on day 7 as well as on day 28 after infection (figure 2). Infection induced strong systemic IFN-␥ and TNF production in wild-type mice on day 7 after infection (figure 2A and 2B). However, in all IL-12-deficient mouse strains, IFN-␥ (P Ͻ .05) was significantly impaired on day 7 after infection. Levels of TNF were variable between the IL-12-deficient strains, with moderately reduced responses compared with wild-type controls on both days 7 and 28 after infection. On day 28 after infection, IFN-␥ was similarly present in both wild-type and IL-12-deficient mouse strains, but at low levels. Plasma levels of IL-10 were similar in both wild-type and IL-12-deficient mice on day 28 after infection ( figure 2C) .
Similar IgG2a and IgG3 antibody titers in wild-type and IL-12-deficient mice. Results from B cell-and IgM-deficient mice as well as splenectomized mice infected with T. congolense have suggested that IgG2a and IgG3 anti-VSG antibody responses play a role in parasitemia control and survival [5] . Day 28 after infection is shown because maximal titers were attained at this time point in both wild-type and IL-12-deficient mice. Similar levels of IgG2a and IgG3 were found in wild-type and IL-12-deficient mice ( figure 3A and 3B ).
Reduced early iNOS production in liver during the acute stages of T. congolense infection in IL-12-deficient mice compared with wild-type mice. Because both IFN-␥ and TNF
induce NO synthesis, which is important for resistance to T. congolense infection [5] , we thus detected the levels of NO by analyzing iNOS production in both spleen and liver. Compared with wild-type mice, the production of iNOS was severely reduced in liver sections of IL-12-deficient mice, regardless of subunit deletion, on day 7 after infection ( figure 4A and 4B ), but similar production was found in spleen sections of wild-type and IL-12-deficient mice ( figure 4C and 4D ). Furthermore, iNOS production in liver sections on day 105 after infection was highest in wild-type mice, with IL-12-deficient mice showing slightly reduced production (data not shown).
Decreased IFN-␥ and AST levels as well as liver pathology in IL-12-deficient mice compared with wild-type mice on day 105 after infection.
To obtain better insight into the chronicstage liver pathology of T. congolense infections, plasma cytokine and AST levels were measured in all mice on day 105 of infection. Figure 5 shows that IFN-␥ levels were significantly reduced in all IL-12-deficient mice compared with wild-type mice ( figure 5A) . Although in the repeat experiment the reduction was not significant, the trend was similar, with mean plasma levels of 78.5 pg/mL and below the detection limit (Ͻ16 pg/mL) for wild-type and IL-12-deficient mice, respectively. Levels of IL-10 and TNF were similar in wild-type and IL-12-deficient mice, with high variation detected ( figure 5B and 5C ). Circulating levels of AST were significantly lower in all IL-12-deficient mouse strains than in wild-type mice on day 105 after infection ( figure 5D ).
Chronic-stage liver inflammation has been shown elsewhere to be a hallmark of T. congolense infections. However, during the chronic stage of infection, liver sections from IL-12-deficient mice displayed smaller and fewer focal mononuclear cellular infiltrates compared with findings in wild-type mice (figure 5E and 5F). Both IL-12-deficient and wild-type mice had similar cellular compositions of focal mononuclear cell infiltrates, consisting of activated macrophages with scattered lymphocytes and neutrophils. Subcapsular hemorrhagic infarctions present in the liver were also found in certain wild-type mice but not in IL-12deficient mice. Enlarged sinusoidal spaces were found in IL-12deficient mice as well as in wild-type mice; however, mononuclear cell infiltration in these areas was distinctly reduced in IL-12-deficient mice compared with wild-type mice. All IL-12deficient mice, regardless of subunit deletion, displayed a similar reduction in pathological lesions compared with wild-type mice as well as normal liver structure compared with wild-type mice.
DISCUSSION
The finding of increased survival with similar parasitemia burden in IL-12p35 Ϫ/Ϫ , IL-12p40 Ϫ/Ϫ , and IL-12p35 Ϫ/Ϫ /p40 Ϫ/Ϫ mice compared with wild-type mice shows evidence that IL-12p70 but not IL-23 or the IL-12p80 homodimer is detrimental during experimental murine T. congolense infection. We may eliminate a role for the IL-12p80 homodimer and IL-23 in T. congolense infection, because no phenotypic differences were found between IL-12p35 Ϫ/Ϫ mice, which produce both IL-12p80 homodimer and IL-23, and IL-12p35 Ϫ/Ϫ /p40 Ϫ/Ϫ mice, which lack the IL-12p40 -related products [10] .
IL-12 is important for a rapid activation of IFN-␥-producing cells in order to promote protective type 1 responses, including Th1 cellular differentiation and classic macrophage activation. The latter induces both IFN-␥ and TNF production, necessary for optimal iNOS synthesis [10] . Although global deletion of either TNF [6, 23] or IFN-␥ [5] resulted in early mortality and uncontrolled parasitemia in T. congolense infections, suboptimal production of IFN-␥ due to IL-12-independent pathways [24] during early and late time points had no deleterious effects on parasitemia control or survival in T. congolense-infected IL-12deficient mice. Thus, IL-12 dependent IFN-␥ production is dispensable during T. congolense infection.
NO, which is catalyzed by iNOS and is essential for parasitemia control and survival in T. congolense infection, is a highly effective killing effector radical for both intra-and extracellular pathogens [5] . IL-12-deficient mouse strains infected with T. congolense produced residual iNOS, localized in the spleen, probably due to the presence of IL-12-independent IFN-␥. Remaining iNOS production seemed to be sufficient for the control of parasitemia and survival.
The detrimental role played by IL-12 was seen to manifest mainly in liver pathology, in accordance with studies associating liver pathology with mortality in T. congolense infection [8, 9] . The presence of immunosuppressive IL-10 in infected IL-12deficient mice, in combination with reduced IFN-␥ production, may explain the reduced liver histopathology and increased survival compared with wild-type mice [8, 9] . Together, these results indicate that qualitative rather than quantitative cytokine responses to T. congolense infection would translate into effective parasite control and survival of the host.
Similar findings have been reported implicating IL-12 in promoting hepatic immunopathology in Leishmania donovani [25] , Plasmodium berghei [26] , and Schistosoma mansoni infection models [27] . Together, these results suggest that IL-12 can play a role in pathogenesis during infection by its induction of proinflammatory immune responses, as demonstrated in T. congolense infection. The results found in the present study are in striking contrast to the known beneficial role played by IL-12 observed in T. brucei brucei infection, for which IL-12 was found to be essential for parasite control and survival [17] . A reason for these differences may be that, because T. congolense and T. brucei brucei belong to different subgenuses, the host may rely on different immune effector molecules for resistance. Downstream of the IFN-␥ signaling pathway, NO is induced, which is essential for resistance to T. congolense [5] and is detected in similarly infected IL-12-deficient mice. In contrast to T. congolense infection, the downstream mechanisms of IFN-␥ in T. brucei brucei [28] remain to be elucidated and, as our previous results demonstrated, also depend on IL-12 signaling [17] .
Furthermore, the induction of TNF in T. brucei brucei infection is largely dependent on IL-12 signaling [17] , but production is only slightly impaired in T. congolense. Because TNF is necessary for parasitemia control in both T. brucei brucei and T. congolense infections, this may also explain the differences in parasitemia control between IL-12-deficient mice infected with T. brucei brucei and those infected with T. congolense.
The findings from the IL-12-deficient mice parallel those of other studies describing characteristics linked to trypanotolerance in T. congolense infection. Recently, regulatory T cells have been shown to be necessary to limit the sustained type 1 immune response resulting in pathology in T. congolense-infected mice [8] . In addition, the emergence of an alternatively activated macrophage profile has been documented during the chronic stages of disease, exhibiting properties such as the down-regulation of proinflammatory responses [29] . The findings here, illustrating decreased proinflammatory responses together with decreased immunopathology in IL-12-deficient mice, parallel findings of the above-mentioned studies and indicate that immune responses in wild-type mice are ultimately detrimental to the host.
Residual IFN-␥ responses also seem sufficient for optimal type 1 responses, given that IL-12-deficient mice produced levels of VSG-specific IgG2a and IgG3 antibodies during T. congolense infection similar to those in wild-type mice, a result also found in T. brucei brucei and T. evansi infection [17] . Contrary to previous hypotheses, these results suggest that IL-12 and high IFN-␥ responses are not required to drive this B cell switch in T. congolense infections [30, 31] .
In summary, the data presented here illustrate that the immune response against T. congolense infection in wild-type animals is to some extent an overshooting inflammatory response mediated by IL-12p70 but not IL-12p80 homodimer or IL-23, resulting in pathological manifestations that lead to death. The result of increased survival in T. congolense-infected IL-12-deficient mouse strains compared with wild-type mice is in contrast to the findings in other type 1-dependent diseases, where decreased resistance is characteristically found in the IL-12-deficient mouse strains [10] . Our understanding of resistance to T. congolense is therefore incomplete, and the results presented here suggest that a finely tuned immune response, one that is not pathogenic for the host but is still antiparasitic, is the key for effective trypanotolerance. Furthermore, this study also highlights major immunological differences between T. congolense and T. brucei brucei as well as T. evansi, which should be taken into consideration in future studies.
